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PREFACE 


This  research  was  motivated  by  a  desire  to  improve  the 
techniques  available  to  the  tactical  communicator  for 
predicting  the  performance  of  his  troposcatter  systems. 
Improving  upon  the  classical  prediction  techniques  was 
recognized  from  the  outset  to  be  a  very  broad  area  of  study. 
Therefore,  the  first  task  of  this  research  was  to  analyze 
the  general  troposcatter  propagation  problem  in  enough 
detail  to  identify  specific  areas  for  possible  improvement. 
This  initial  analysis  proved  to  be  much  more  time  consuming 
tii  an  expected  but  did  result  in  a  suitably  narrow  topic  for 
detailed  study:  a  modified  scattering  loss  model. 
Subsequent  problems  with  the  available  path  data  prevented 
the  evaluation  of  the  coefficients  in  the  model,  however. 
As  a  result,  this  research  has  fallen  short  of  providing  an 
improved  prediction  algorithm  to  the  engineer  in  the  field. 
Nevertheless,  I  believe  that  the  potential  for  such 
improvement  has  been  adequately  demonstrated  and  that  a 
promising  area  for  continued  research  has  been  identified. 

1  am  indebted  to  M a j  Joseph  W .  Carl,  my  advisor,  for 
his  guidance  throughout  this  effort.  I  would  like  to  thank 
M  a  j  Duane  B.  Reynolds  and  Capt  Ronnie  E.  Lesher  of  the  Air 
Force  Communications  Command,  without  whose  support  this 
research  would  not  have  been  possible.  I  am  particularly 
grateful  to  the  engineers  at  the  5th  Combat  Communications 
Group  and  the  602d  Tactical  Air  Control  Wing  for  the  field 
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ABSTRACT 


This  research 
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set, 
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should  apply 
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i  m  i  1  a  r 

troposcatter  syst  eui  s 

operating  at 

frequencies  from  4 

.4  to 

5.0  GHz  and  over 

distances  of 

160  km  or  less 

A  / 

•  o 

e  n  e  r  a  1 

analysis  of  the  troposcatter  path  is  peri  ormeii  to  determine 
the  sensitivity  of  the  transmission  loss  to  the  various 
phenomena  which  contribute  to  the  loss.  That  component  of 
the  loss  which  is  unique  to  the  scattering  process  is 
studied  in  further  detail  and  a  modified  scattering  loss 
model  is  developed.  A  procedure  for  determining  the 
coefficients  of  the  scattering  loss  model  based  on  observed 
transmission  loss  is  described.  A  preliminary  analysis  of 
the  path  data  available  for  this  research  is  performed.  It 
is  found  that  the  received  power  probability  distribution 
for  the  observed  paths  does  not  agree  with  the  theoretical 
distribution  in  all  cases.  Further,  tiie  available  path  data 
is  seen  to  lack  sufficiently  detailed  path  geometry 
information  to  complete  the  analysis  of  the  scattering  loss 
model.  Recommendations  concerning  data  requirements  and 
continued  research  are  offered. 


I  NTRODU CTI ON 


I  . 


Background 

Early  researchers  generally  believed  that  practical 
radio  systems  operating  at  VHF  frequencies  and  above  were 
limited  to  line  of  sight  applications.  Diffraction  by  the 
earth's  surface  was  the  only  mechanism  which  was  recognized 
to  support  propagation  beyond  the  horizon  at  these 
frequencies,  and  dil fraction  theory  predicted  an  exponential 
decrease  in  signal  strength  with  distance.  With  the 
development  of  radar  during  World  War  II  and  of  television 
to  1  lowing  the  war,  the  body  of  observed  data  on  such  systems 
expanded  rapidly.  As  the  data  accumulated  a  surprising 
resuLt  began  to  emerge:  the  signal  level  beyond  the  horizon 
was  often  much  greater  than  that  predicted  by  diffraction 
theory  alone.  The  phenomenon  which  produces  this  signal 
enhancement  has  since  come  to  be  known  as  scatter 
propagation  and  may  take  place  in  the  troposphere,  m  the 
ionosphere,  or  beyond.  The  subject  of  this  research  is 
scattering  within  the  troposphere,  known  as  tropospheric 
scatter,  or  simply  troposcatter. 

Troposcatter  communications  systems  are  now  in  common 
use,  albeit  witiiin  a  fairly  narrow  range  of  applications. 
They  are  most  suited  to  situations  requiring  high  quality, 
multichannel  communications  beyond  the  horizon,  where 
intervening  terrain  is  not  readily  accessible.  Distance 
between  ground  stations  ranges  from  approximately  SO  to  800 
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km ,  with  typical  operating  frequencies  between  0.1  and  10.0 
GHz.  Permanently  installed  trope  scat  ter  systems  are  found 
in  civilian  as  well  as  military  applications,  while 
transportable  troposcatter  systems  are  widely  used  by 
today's  military  forces.  Although  the  fixed  and 
transportable  systems  share  the  same  basic  operating 
principles,  fixed  systems  are  generally  characterized  by 
greater  transmitted  power,  larger  antennas,  and  longer  radio 
path  distances.  Transportable  troposcatter  systems  are 
designed  for  rapid  deployment  in  support  of  tactical  ground 
forces  and  are  generally  vehicle  mounted.  Transportable 
systems  are  constrained  to  less  radiated  power  and  smaller 
antennas,  and  consequently,  shorter  communications  range. 

The  ability  to  accurately  predict  the  performance  of  a 
troposcatter  system  prior  to  its  installation  is  essential 
to  the  effective  employment  of  these  systems.  The 
importance  of  these  predictions  is  particularly  accute  in 
the  case  of  tactical  s y .  terns  which  must  often  be  installed 
in  unfamiliar  terrain  in  the  shortest  possible  time. 

P  r  o  b 1 em 

Present  troposcatter  performance  prediction  m ethods 
produce  results  which  are,  in  the  majority  of  cases, 
consistent  with  observed  performance.  There  remain  a 
significant  number  of  c  a  s  e  s  ,  however,  where  considerable 
disparity  exists  between  predicted  and  observed  performance. 
Furthermore,  inaccuracies  in  the  predict  ions  seem  to  be 


particularly  pronounced  for  the  short  transmission  paths 
encountered  by  tactical  systems.  The  purpose  of  this 
research  is  to  investigate  the  accuracy  of  present 
troposcatter  performance  prediction  methods  when  applied  to 
short  range  tactical  troposcatter  systems. 

Scope 

The  predominant  tactical  troposcatter  system  in  the  Air 
Force  inventory  today  is  the  A  N / T  R  C -  9  7  A .  This  is  a 
24-channel  system  using  a  frequency  modulated  carrier  in  the 
range  from  4.4  to  5.0  GHz.  The  maximum  output  power  is  1000 
watts,  producing  a  maximum  range  of  approximately  160  km  in 
the  troposcatter  mode.  The  TRC-97A  is  also  capable  of 
operating  in  line  of  sight  and  obstacle  gain  diffraction 
modes  over  shorter  distances. 

This  research  is  Limited  to  performance  prediction  for 
the  TRC-97A  operating  in  the  troposcatter  mode.  The 
alternate  line  of  sight  and  diffraction  nodes  are  not 
considered.  Also,  study  is  limited  to  "normal"  tropospheric 
scatter  propagation;  anomalous  propagation  phenomena  such  as 
superrefractive  ducting  are  not  considered. 

In  predicting  how  a  troposcatter  system  will  operate, 
several  parameters  may  be  of  interest.  Characteristics  of 
the  received  noise  are  generally  of  concern  and  the  delay 
characteristics  of  the  received  signal  may  be  important, 
particularly  for  digital  systems.  In  all  cases,  it  is 
necessary  to  predict  the  level  of  the  received  signal.  This 
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study  is  limited  to  predictions  of  the  received  signal 
level,  or  alternatively,  the  transmission  loss  along  the 
path. 

While  this  research  is  concerned  specifically  with  the 
TRC-97A,  the  results  should  be  applicable  to  other  systems 
operating  in  the  same  frequency  range  and  over  similar 
paths. 

Approach  and  Presentation 

The  stated  problem  is  a  very  general  one:  methods  of 
transmission  loss  prediction  presently  used  to  engineer  Air 
Force  tactical  troposcatter  systems  are  less  accurate  than 
desired.  How  can  this  very  general  problem  statement  be 
translated  into  terms  specific  enough  to  begin  some 
analysis?  Consider  some  additional  facts.  The  predominant 
tactical  troposcatter  system  in  the  Air  Force  inventory 
today  is  the  AN/TRC-97A.  Two  published  path  prediction 
methods  are  used  with  the  TRC-97:  Air  Force  Communications 
Service  Pamphlet  100-61,  Volume  II,  and  Technical  Order  T.O. 
31R5-2TRC97-12.  Both  of  these  methods  were  derived  from  the 
prediction  procedures  contained  in  the  National  Bureau  of 
Stanuards  (NBS)  Technical  Note  101.  Tactical  troposcatter 
path  predictions  are  therefore  based  on  NBS  Technical  Note 
101  . 

The  technical  note  presents  a  somewhat  complex  model  of 
the  troposcatter  path.  At  the  time  that  the  model  was 
developed  (and  still  today),  theoretical  explanations  ol 
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troposcatter  propagation  could  not  fully  account  for  tile 
transmission  loss  which  was  observed  over  actual  paths. 
Empirical  adjustments  were  incorporated  into  the  model  to 
insure  the  best  agreement  with  available  path  data.  Note, 
however,  that  the  TRC-97  operates  in  the  frequency  range 
from  4.4  to  5.0  GHz  and  with  a  maximum  range  of 
approximately  160  km.  The  measured  path  data  which 
influenced  the  NBS  model  were  predominantly  from  lower 
frequencies  and/or  longer  distance  paths.  It  is  possible 
that  different  empirical  adjustments  would  have  resulted  if 
path  data  more  representative  of  the  TRC-97  had  been  used. 
If  so  then  two  possible  approaches  come  to  mind  for 
improving  the  correlation  between  the  TRC-97  performance  and 
the  model:  (1)  rectify  those  theoretical  deficiencies  which 
made  empirical  adjustment  necessary  in  the  first  place,  and 
(2)  modify  the  adjustments  so  they  are  tailored  to  the 
TRC-97  . 

The  latter  approach  is  adopted  in  this  research. 
First,  tiie  general  characteristics  of  the  troposcatter  path 
are  described  in  Section  II.  Next,  a  general  model  of  the 
path  is  developed  in  Section  III.  The  "classical"  path 
models  are  described  in  Section  IV  and  compared  with  the 


general 

path 

model  in 

Section  V.  Section 

VI  tailors  til 

general 

model 

to  the 

TRC-97A.  Finally, 

a  mod  if  io 

scatter 

i  n  g  1  o  s 

s  model  is 

investigated  in  Sect 

ion  VII. 

II.  THE  TROPOSCATTER  PATH 


The  troposphere  is  the  lowest  portion  oi  the  atmosphere 
and  the  region  in  which  virtually  all  weather  phenomena 
occur.  While  the  boundries  between  atmospheric  regions  are 
indistinct  and  highly  variable,  the  troposphere  is 
customarily  considered  to  extend  from  the  surface  of  the 
earth  to  an  altitude  between  10  and  20  km.  The  composition 
of  the  troposphere  is  essentially  that  of  the  air  at  ground 
level,  although  the  density  varies  with  altitude  and 
meteorological  conditions.  By  contrast  with  the  ionosphere 
(approximately  50  to  500  km),  free  ions  do  not  exist  within 
the  troposphere  in  sufficient  quantities  to  affect  radio 
wave  propagation.  Relative  to  troposcatter  radio 
propagation,  the  most  significant  characteristic  of  the 
troposphere  is  its  high  degree  of  turbulence. 

Present  theoretical  explanations  of  the  tropospheric 
scattering  phenomenon  do  not  completely  account  for  the 
observed  results.  Further,  researchers  in  the  area  do  not 
fully  agree  on  the  underlying  physical  mechanism,  so  several 
theories  exist.  The  earliest,  and  probably  most  widely 
accepted  theory  is  based  on  turbulent  scattering  in  a  medium 
which  is  non homogeneous  in  all  dimensions  (see  for  example 
Ref  3).  Other  theories  are  based  on  a  scattering  medium 
having  a  layered  structure  (nonhomo geneous  in  two 
dimensions)  or  a  number  of  other  specialized  cases  of  the 
n  o  m homogeneous  structure.  It  is  very  likely  that  the  true 
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structure  is  more  complex  than  that  proposed  by  any  of  the 
prominent  theories.  In  any  event,  this  research  does  not 
directly  depend  on  a  precise  statement  of  the  scattering 
mechanism. 

The  important  geometric  parameters  in  the  troposcatter 

path  are  illustrated  in  Figure  1.  The  smooth  earth  distance 

between  transmitting  and  receiving  stations  is  d.  The 

distance  from  the  transmitting  station  to  its  radio  horizon 

is  and  the  distance  from  the  receiving  station  to  its 

radio  horizon  is  d. 

1  r 

The  altitudes  of  the  transmitting  and  receiving 

stations  are  given  by  h  and  h  respectively;  the 

t  S  ^  £> 

altitudes  at  the  center  of  the  transmitting  and  receiving 

antennas  are  h  and  h  .  The  altitudes  at  the  two  radio 
t  s  r  s 

horizons  are  given  by  h ^ ^  and  h  ^  . 

0  and  0  are  the  elevation  angles  (angle  relative  to 
e  t  e  r 

the  local  horizontal)  of  the  transmitting  and  receiving 
antennas  respectively.  The  angles  ot^  and  8  represent  the 
elevation  angles  of  the  transmitting  and  receiving  antennas 
relative  to  a  straight  line  between  the  two  antennas.  The 
scattering  angle  9q  is  the  angle  through  which  the 
transmitted  signal  must  be  scattered  in  order  for  it  to 
reach  the  receiving  antenna.  The  quantity  ho  is  the 
distance  between  the  straight  line  between  antennas  and  the 
horizon  ray  crossing  point.  The  effective  earth's  radius, 
a,  is  that  imaginary  value  which  would  permit  the  normally 
curved  (because  of  refraction  through  the  atmosphere)  radio 


7 


rays  to  be  represented  as  straight  lines,  and  is  a  function 
of  the  true  earth's  radius  and  the  radio  refract  iv  ity . 
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III. 


A  GENERAL  PATH  MODEL 


The  first  major  research  goal  is  to  obtain  a  suitable 
model  of  transmission  loss  along  the  troposcatter  path. 
Ideally,  the  model  will  be  in  a  form  that  can  be  related  to 
the  prediction  methods  presently  employed  by  Air  Force 
engineers.  Ideally,  the  model  will  also  remain  as  general 
as  possible  in  order  for  the  research  results  to  have  the 
widest  applicability. 

As  pointed  out  in  the  previous  section,  the  most 
notable  characteristic  of  the  troposcatter  path  is  its  great 
variability  in  both  time  and  space.  Thus,  to  be  fully 
characterized,  the  path  must  be  modeled  by  a  stochastic 
process.  The  path  model  developed  here  begins  at  an 
elementary  level  with  an  emphasis  on  the  distinct  phenomena 
which  influence  the  path.  Initially  the  model  is  so  general 
that  random  influences  are  not  easily  distinguished  from 
deterministic  influences.  Therefore  a  preliminary  algebraic 
model  is  developed  first.  Only  at  this  point  is  it  clear 
precisely  what  the  path  influences  are,  and  whether  or  not 
they  are  random  influences.  Then  the  algebraic  model  is 
transformed  into  a  stochastic  model,  taking  account  of  the 
random  influences  previously  identified. 
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The  Algebraic  Path  Model 


Begining  in  very  simple  terms,  the  relation  between 
transmitted  power  and  received  power  along  the  path  can  be 
expressed  as 


where 


P  =  P  +  G  +  G  -  L  (1) 

r  t  t  r 


P^  -  received  power,  dbm 

P^  =  transmitted  power,  dbm 

Gt  =  effective  transmit  antenna  gain,  db 

G  =  effective  receive  antenna  gain,  db 

r 

L  =  system  loss,  db 

The  effective  antenna  gains,  G  and  G  ,  can  themselves 

°  ’  t  r 

be  expressed  as 


and 


=  G  ^  +  L 
tf  gt 


(2) 


where 


G 

r 


G  . 
r  t 


+ 


L 


gr 


(3) 


G  £  =  transmit  antenna  gain  in  free  space, 

relative  to  an  isotropic  radiator,  db 
G  ^  =  receive  antenna  gain  in  free  space, 

relative  to  an  isotropic  radiator,  db 


1  1 


L  =  transmit  antenna  a  p  e  r  t  a  r  e - m  e  d  i  um  coupling 
O  t 

loss,  d  b 

L  -  receive  antenna  aperture-medi um  coupling 
loss,  d  b 

The  free  space  isotropic  antenna  gains,  G  ^  and  ^rfj 
are  the  measures  of  antenna  gain  most  frequently  stated  in 
manufacturers'  literature.  This  measure  of  gain  assumes 
that  all  components  of  the  transmistted  signal  arrive  at  the 
receiving  antenna  from  the  same  direction  and  in  phase 
coherence,  as  would  be  the  case  if  the  antennas  were 
operating  in  free  space.  When  the  antennas  are  in  a  medium 
other  than  free  space  this  coherence  of  the  signal  is 
subject  to  distortion.  Over  a  troposcatter  path  components 
of  the  transmitted  signal  may  be  scattered  from  any  point 
within  the  scattering  volume.  The  signal  arriving  at  the 
receive  antenna  appears  to  originate  at  a  large  number  of 
points  within  the  scatter  volume,  all  at  different  angles  to 
the  antenna  centerline.  The  gain  of  the  antenna  is  reduced 
when  the  received  signal  arrives  from  a  direction  other  than 
along  the  antenna's  centerline.  The  net  effect  of  this 
noncoherent  signal  on  the  antenna  can  be  represented  as  a 
reduction  in  its  free  space  gain,  and  is  generally  referred 
to  as  aperture-to- medium  coupling  loss,  or  loss  in  antenna 
gain. 

The  system  loss,  L ,  represents  the  combined  effect  of 
several  distinct  phenomena  on  the  transmitted  signal.  For 
the  troposcatter  path  it  appears  that  all  of  the  loss 


c o  n  ponent s 


can  b  e  aa’uuntifj  i  o  r  by  L  h  u  e  x  p  r  e  s  s  i  o  n 

L-L.  +L+L,  +L+L  (  4  ) 

is  s  l)  u  e 

wiier  e 

L  -  system  Loss,  db 

L  -  =  free  space  Loss,  d  b 

is 

L  =  scattering  Loss,  db 
s 

L .  =  around  ret  Lection  Loss,  db 

n 

L  =  absorption  Loss,  db 

L  =  equipment  Loss,  u  b 
e 

Free  space  Loss,  ,  is  the  reduction  in  power  density 

of  an  expanding  wavefront  with  distance  as  it  travels 

through  tree  space.  Scattering  Loss,  L  ,  is  that  Loss  which 

s 

ls  attributabLe  to  the  scattering  phenomena  within  the 

troposphere.  The  ground  reflection  loss,  L  ,  occurs  when 

signal  components  reflected  from  the  terrain  in  the 

near-field  of  the  receive  antenna  arrive  at  the  antenna  out 

of  phase  with  the  direct  components  to  cause  partial  signal 

cancellation.  The  absorption  loss,  L  ,  results  when  signal 

energy  is  dissipated  as  heat  when  the  signal  interacts  with 

the  molecules  within  the  atmosphere.  The  equipment  loss, 

L  ,  is  that  Loss  which  occurs  between  the  transmitter  and 
e 

transmit  antenna,  and  between  the  receiver  and  receive 
antenna. 

C  o  m  b  i  n  i  n E  q  s  (  1  )  ,  (  2  )  ,  (  3  )  ,  and  (  4 )  gives 

1  3 


p  =  p 
r  t 


(G  -  L  )  +  (G  .  -  L  ) 


t  I 


r  t 


(  L  - 
r  s 


L  +  L  +  L  ) 
h  a  e 


(5) 


Rearranging  Eq  (5)  into  the  somewiiat  more  mnemonic  form 


(Power  Difference)  =  (System  Gains)  -  System  Losses) 


r 

L  +  L  )  (6) 

a  e 


introduced  the 
atter  path.  Such  a 
variability  of  the 
previous  section,  a 
developed  without 
attempting  to  account  for  the  random  characteristics  of  the 
path.  This  approach  is  appealing  from  the  standpoint  of 
simplicity  and  emphasis  on  the  general  physical  phenomena 
which  affect  the  troposcatter  transmission.  Indeed,  as 
development  of  the  algebraic  model  was  begun  (Eq  (1)), 
received  power  was  characterized  simply  as  a  function  of 
transmitted  power,  antenna  gains,  and  nonspecific  system 
losses.  Without  some  further  knowledge  of  these  system 
losses,  discussion  ot  random  influences  is  not  very 
satisfying.  Working  from  Eq  (6),  however,  the  losses 

associated  with  specific  physical  phenomena  can  be  isolated 


gives 


P  -  P  =  G  .  +  G  . 
r  t  ti  rl 


+  L 


t  s 


(Lt  +  L 

o  ^  o 

L  +  L ,  + 

s  n 


The  Stochastic  Path  Model 


Discussion  to  this  point  has 
nonaetermimstic  nature  of  the  troposc 
characteristic  is  not  surprising  when  the 
scattering  medium  is  considered.  In  the 
phenomena-or iented  path  model  is 


1  4 


and  tiie  randomness  appropriate  to  these  phenomena  can  be 
introduced. 

In  attempting  to  differentiate  between  random  and 
deterministic  influences,  one  is  quickly  confronted  with  a 
dilema:  if  observed  in  sufficient  detail,  any  physical  event 
can  be  considered  random  in  some  respect.  However ,  the 
randomness  of  certain  factors  may  be  on  such  a  small  scale 
relative  to  other  factors,  that  tile  randomness  may  be 
ignored  without  significant  loss  of  accuracy.  This  is 
assumed  to  be  the  case  for  several  terras  in  the  t  roposcatter 
path  model.  Following  are  the  notation  conventions  wiiich 
are  used  for  random  quantities. 

The  random  variable  whose  possible  outcomes  are 

{  G  i  *  ’■  2  *  *  *  *  "  •  } 

is  given  by 

X  (  - ) 


which  is  generally  simplified  to  X  when  clarity  is  not 
compromised.  The  value  which  the  random  variable  X  takes  on 
for  a  specific  outcome  is  represented  by  the 

deterministic  quantity  x  ,  or  more  simply,  x.  The 

distribution  and  density  functions  of  the  random  variable  X 
are  given  by 

F  (x)  and  f  (x) 
x  x 

respectively,  and  are  generally  simplified  to  F(x)  and  f(x). 


The  stochastic  process  representing  a  1  aim  1  y  or  Line 
functions  of  the  possible  outcomes 

'•> . V 

is  given  by 

X  (  t  ,  \  ) 

which  is  generally  simplified  to  X ( t  )  . 

Consider,  then,  the  algebraic  path  model  given  by 

Eq  (6).  The  received  power,  P  ,  is  a  function  of  the 

remaining  terms,  and  derives  its  randomness  from  them. 

The  envelope,  or  average  transmitted  power,  P  ^  ,  is 

assumed  to  be  constant  for  a  given  radio  path.  Since 

frequency  modulation  is  almost  universally  used  as  the  RF 

modulation  technique  in  troposcatter  systems,  envelope  power 

is  independent  of  the  modulating  signal.  Fluctuations  in 

the  output  power  due  to  varying  equipment  parameters  are 

considered  to  be  negligible. 

The  free  space  antenna  gains,  G  ^  -  and  G  - ,  are 

1 1  rt 

functions  of  the  size  and  shape  of  the  antennas,  as  well  as 
the  operating  frequency.  Thus,  for  a  particular  antenna, 
free  space  gain  depends  only  upon  frequency.  Furthermore, 
the  range  of  possible  operating  frequencies  of  a  g  n 
troposcatter  system  is  normally  narrow  enough  that  variation 
in  free  space  antenna  gain  is  c  only  considered  to  be 
negligible  (see  for  example,  Ref  1:  5.20);  such  an 


assumption  is  made  here. 


In  Che  previous  section,  it  is  shown  that  the 

aperture -medium  coupling  losses,  L  and  L  ,  are  a  result 

O  t 

of  scattering  of  the  transmitted  radio  energy  within  the 
troposphere  ana  the  resultant  noncoherence  of  the  energy 
when  it  reaches  the  receiving  antenna.  The  scattering 
mechanism  has  already  been  shown  to  depend  on  a  number  of 
highly  variable  parameters  of  the  troposphere,  such  as  wind 
velocity  and  refractive  index  gradient.  Thus,  it  is 
intuitively  appealing  to  consider  the  scattering  mechanism 
to  be  represented  by  a  stochastic  process,  and  it  will  be 
seen  that  such  a  representation  is  well  born  out  by  other 
researchers.  Even  if  this  were  not  the  case,  however,  no 
generality  is  lost  by  a  random  process  representation. 
Denoting  the  scattering  mechanism  by  the  stochastic  process 

S  (  t  ,  )  or  S(t) 

then  the  aperture- medium  coupling  losses  can  be  expressed  as 
functions  of  free  space  antenna  gain  and  the  scattering 
process  : 

L  ( t )  =  g . [ G  , ,  S ( t ) I  (7) 

-  g  t  j-  t  r 

ana 


(  S) 


(  9) 


? 


I 


where 

d  =  path  Length 

V  -  wavelength  of  transmitted  signal 

and  d  and  X  are  in  Like  units.  (Ret  5:  101)  Making  use  of 

the  equaiity 

c 

x  =  -  (10) 

f 


where 


\  -  wavelength 

f  =  frequency 
c  =  speed  of  Light 


an  alternate  expression  of  the  free  space  Loss  is 


(11  ) 


The  speed  of  Light  is  constant  and  the  frequency  is  taken  as 
the  carrier  frequency  of  the  radio  system,  which  is  also 
assumed  constant  for  a  given  path.  The  path  length, 
however,  clearly  varies  as  a  result  of  the  scattering; 
components  of  the  transmitted  radio  energy  which  are 
scattered  from  different  points  within  the  scattering  volume 
will  in  general  travel  different  distances  to  reach  the 
receiving  antenna.  The  sensitivity  ol  L  ^  g  to  variations  in 
d  caused  by  this  scattering  depends  on  the 


g  comet r  y 


ol  tn  e 


I 


radio  path.  For  the  present,  however,  the  tree  space  loss 
ls  taken  to  be  a  function  oi  the  operating  trequencv  anu 
e  t  f  e  c  t  i  v  e  p  a  t  h  1  e  n  g  t  h  ,  0  (  t  )  : 


L  (  t  )  =  g  [  f  ,  D  (  c  )  1 


where  the  effective  path  Length  is  in  turn  a  function  of 
horizon  ray  path  distance,  d ,  and  the  scattering  ; 


D  (  t  )  =  :;3U,  SU)) 


3  y  definition  the  scattering  loss,  L  ,  is  that  portion 

of  the  transmission  loss  which  is  directly  attributable  to 

the  scattering  mechanism.  As  a  minimum,  then,  L  would  be 

s 

expected  to  be  a  function  of  8(t).  As  is  shown  in  the  next 
section,  other  researchers  generally  agree  that  L  can  be 


expressed  in  terms  of  path  length,  frequency,  scattering 
angle,  and  refractivitv.  It  is  therefore  postulated  that 


w  h  e  r  e 


L  (  t  )  =  *  ,  [  f  ,  D  (  t  )  ,  d  (  t  )  ,  N  (  t  )  ] 


1 requenc y 


=  path  length 
=  s  c  a  t  t  e  r  i  n  ;  angle 


=  radio  retract  ivit’ 


D  (  t  )  can  in  turn  be  r  x  p  r  e  s  s  e  a  as  a  t  mut  ion  of  t  h  < 


horizon  ray  path  length,  d ,  and  the  scattering  pro 


c  ess,  a  s 


lvt'ii  b  y  Z  q  M3  )  . 


! 


Similarly,  B  (  t  )  is  a  f  unction  or  horizon  ray  scattering 
angle,  B  ,  and  scattering: 

e ( t )  -  g . I e ,  s ( t )  ]  (15) 

_  O 

and  N  (  t  )  is  a  t  unction  of  radio  ref  ract  ivity  along  tire 
horizon  ray,  N  ^ ,  and  the  scattering: 

iHt)  =  g  7  [  :j  u  ,  s(  t )  ]  (lb) 

The  ground  reflection  loss,  L.^,  is  basically  a  function 

of  frequency  and  the  geometry  of  the  path.  As  has  already 

been  seen,  however,  the  path  geometry  is  dependent  upon  the 

random  variations  in  the  scattering  process.  As  a  minimum, 

then,  it  appears  justified  to  treat  the  ground  reflection 

loss  as  a  random  process  itself,  L  ( t  )  •  Rice,  et  a  1 .  (Ref 

9:  9. 3-9. 4)  have  derived  an  expression  for  this  loss 

expressed  in  terms  of  frequency,  path  length,  scattering 

angle,  antenna  heights,  and  antenna  elevation  angles.  Based 

on  these  results,  L,(t)  can  be  expressed  as 

~  n 

L  (  t  )  =  gQ(f,  D  (  t  )  ,  6(t),  *(t),  ;•;  (  t  )  ,  h  .  h  ]  (17) 

__  n  o  __  ^  _  tere 

where 


f 

=  frequency 

D  (  t  ) 

=  path  length 

e(t) 

=  scattering 

angle 

a(t) 

=  radio  wave 

departure  angle 

.i(t) 

=  radio  wave 

arrival 

angle 

n 

t  e 

-  effective 

transmit 

antenna 

20 


h  =  effective  receive  antenna  height 

re  ° 

In  tills  expression,  D^t)  and  0  (  t  )  are  as  given  above  and 
arrival  angles  depend  upon  the  scattering  mechanism  and  the 
center-ray  elevation  angles  of  the  transmit  and  receive 
antennas,  and  B  ,  respectively: 

,(t)  =  g  U  ,  S(t)]  (18) 

(  c  )  =  a  j  o  l  o  >  S  (  c  ^  1  (  1  9  ) 

Atmospheric  absorption  loss  depends  upon  frequency 
(certain  frequencies  are  more  readily  absorbed  than  others), 
path  length,  and  density  of  the  atmosphere  along  the  path. 
As  above,  path  length  depends  upor  the  scattering  process 
(Eq  (13)).  The  atmospheric  density,  D  ,  is  similarly 
influenced  by  many  of  the  same  factors  which  produce  the 
scattering  phenomenon.  The  absorption  loss  then  can  be 
expressed  as 

La( t  )  =  S1  1  I  f  »  D( 1 ) ’  Da( 1  )  1  ( 20  ) 

where 

f  =  frequency 
D  (  t  )  =  path  length 

D  ( t )  =  atmospheric  density 

and  D  (t)  is  itself  a  function  of  the  scattering  process: 

^  a 


D  (t) 


6,.[S(t)] 


(21) 


principally  of  waveguide  losses.  It  is  assumed  that  for  a 
given  equipment  configuration,  this  loss  is  constant. 

Combining  the  above  results  gives  the  following 
stochastic  model,  which  parallels  the  algebraic  model  in 
Eq  ( 0  )  : 


p  ( t )  -  p 

=  G 

+  G  -  [  L  (  t  ) 

+  L  ( 

t  ) 

r 

t 

1 1 

r  1  -„t 

+ 

l  _  it) 

+  L  (  t 

)  +  L .  (  t  )  +  L  (  t 

)  +  L 

1 

(22) 
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to  be 

rather  complex. 

THE  CLASSICAL  PATH  MODELS 


IV  . 


Several  path  models  have  been  mentioned  so  far.  The 
model  in  AFCSP  100-bi  (Vol  II)  is  primarily  derived  from  the 
MBS  model,  but  it  contains  an  additional  term  taken  from 
another  model  published  by  the  International  Radio 
Consultative  Committee  (CCIR).  The  model  in  T.O. 
31R5-2TRC97-12,  also  known  as  tne  Collins  model,  is  also 
baseu  on  the  MBS  model,  but  it  contains  additional  terms 
derived  directly  from  experiments  with  the  TRC-97.  In  fact 
tii  ere  is  a  small  family  of  models  which  are  similar  in  form, 
yet  are  considered  in  the  literature  to  be  more  or  less 
distinct  models. [1] 

Following  is  a  brief  description  of  these  models,  with 
a  summary  appearing  in  Table  I  on  page  31.  The  models  are 
statea  using  the  notation  in  which  they  were  originally 
published. 
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MB  S  Model 


L(0  .  5)  =  30  log  l  -  20  log  d 

+  F  ( 0d  )  +  F  +  H  +  A  -  V(ci)  (23.) 

o  o  a  e 

where 

L  (  0  .  5  )  =  long-term  median  transmission  loss,  d b 

f  =  frequency,  >1 11 2 
d  =  path  Length,  km 
F ( 6  d )  =  attenuation  function,  db 

F  -  scattering  eft  iciencv,  db 
o 

H  =  frequency  gain  function,  db 
o 

A  *  atmospheric  aosorpt  ion ,  d  b 

V  (  d  )  35  clutalogicaJ  factor,  db 

e 

This  model  was  developed  at  the  Central  Radio  Propagation 
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C  C I R  Model 


L ( 50 )  =  30  log  f  -  20  log  d  +  F(0d) 

-G  -  V  (  d  ) 
P  e 


where 


(24) 


G  =G  +  G  -  .07  exp  [.055  (G  +  G  )] 
per  t  r 


and 


L  (  50  ) 


d 

F  (  6d  ) 
G 

P 

V(d  ) 
e 

G 

t 

G 


long-tern  median  transmission  loss,  db 

frequency,  MHz 

path  length,  km 

attenuation  function,  db 

effective  antenna  gain,  db 

c 1 inat  alogical  factor,  db 

transmit  antenna  free  space  gain,  db 

receive  antenna  free  space  gain,  db 


The  model  published  by  the  International  Radio  Consultative 

Committee  (CCIR)  (Ref  8:  200)  was  adapted  largely  from  the 

MBS  model.  The  CCIR  simplified  the  MBS  model  by  eliminating 

the  terms  F  ,  U  ,  and  A  ,  which  were  felt  b v  the  CCIR  to  be 
o  o  a 

of  only  minor  significance.  They  also  added  a  term  for  the 
aperture- medium  coupling  loss,  which  was  not  explicitly 
included  in  the  MBS  work. 


PRC  Model 


L(  50  ) 

+  10 


where 


f  (  H  ) 
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1 


G 
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and 


L(  50) 
F 
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d 
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G 
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G 

r 


=  124.6  +  30  log  f  +  30  log  0 

log  d  +  f(H)  -  .08  CJ  -  323)  -  G  ( 

s  p 

20  log  (5  +  . 3  H )  +  .  6  5  H 

( S0d/ 4) 

( 4S  ^  )  /  (  1  +  S1  )~ 

dl/d2 

G  +  G  -  .07  exp  [.055  (G  +  G  )  ] 
t  r  t  r 

long  term  median  transmission  loss,  db 
frequency,  MHz 
path  length,  km 
surface  radio  refractivitv 
effective  antenna  gain,  db 
scatter  angle,  radians 


distance 
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horizon 

ray  c  r  o  s 

sing 

point  to 

the  transmitting 

antenna. 

km 

(see  fig 

ur  e  1  ) 

distance 

from  the 

horizon 

ray  c  r  o  s 

sing 

point  to  the  receiving  antenna,  km 
(see  figure  1) 

transmit  antenna  tree  space  gain,  db 
receive  antenna  tree  space  gain,  a  b 
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Rider  Model 

L .  =30  log 

r 

+ 

O 

i — • 

o 

on  s 

+  F  (  f  0  ,  1  ) 

V 

+ 

\\ 

^  0 

t[(ht 

or  r  e 


-  .43  C 


H  [  (  h  /  X  )  ] 

or  re 

-  308)  +  126 


(27  ) 


'bnu 


long-term  median  transmission  loss,  db 
frequency,  M  H z 
path  length,  statute  miles 
scatter  angle,  radians 
asymmetry  function,  db 
F ( f  0 ,  1  )  =  blob  size  correction  factor,  db 


F  (  s  ) 
v 


H  [  (  h  /  A  )  a  ]  +  il  [  (  h  /  X  )  £  ] 

ot  te 


or  re 
frequency  gain  function,  db 

surface  refractivitv 


Although  this  is  referred  to  as  the  Rider  model  in  some 

of  the  literature  it  is  more  accurately  describee  as  Rider's 

modification  to  the  Norton  model.  Rider,  working  with  a 

different  set  of  experimental  data  than  that  which  Norton 

had  used,  found  that  better  agreement  between  his  data  and 

the  model  could  be  achieved  if  the  coefficient  of  tin1 

ref ractivity  t  e  r  m ,  ( N  -  30  8  ),  were  changed  from  .156  to 

s 


(Ret  11:  203-210). 


Yeh  Model 


L  =  37  +  100  +  20  Log  d  +  30  log  £ 

? 

-  . 2  (  N  -310) 
s 


-  long-term  median  transmission  loss,  db 
=  scatter  angle,  degrees 

=  path  length,  statute  miles 

-  frequency,  MHz 

=  surface  ref  ractiv  ity 


Yeh  developed  his  model  (Ref  14:  193-198)  to  provide  a 
reasonably  accurate  yet  simple  alternative  to  the  more 
cumbersom  methods,  such  as  the  MBS  model.  This  method  has 
trie  most  pronounced  empirical  basis  of  those  considered 
here,  and  its  simplicity  appears  to  be  gained  at  the  expense 
of  some  potential  accuracy. 


AFCSP  100-61  Model 


L  =  30  log  f  -  20  log  d  +  F(0d)  +  H  +  A 

o  a 

+  90  -  V  ( d  )  -  .07  exp  [.0  5  5  (G  +  C  )] 
e  t  r 


w  here 


L  -  long  term  transmission  loss,  d 1 


frequency,  GHz 


d  =  path  Length,  kin 

t(6d)  =  attenuation  t  unction,  db 

11  =  frequency  gain  function,  db 

o 

A  =  atmospheric  absorption,  db 

cl 

V(d  ^  =  climatalogical  factor,  db 

e 

G  ^  =  transmit  antenna  free  space  gain,  ub 

G  =  receive  antenna  free  space  gain,  db 

This  model  appears  in  AFCSP  100-61  (Ref  1)  where  it  is 
presented  in  a  tabular  worksheet  form.  The  algebraic 
expression  of  E  q  (29)  is  not  specifically  stated  but  rather 
incorporated  into  the  worksheet.  The  model  is  essentially  a 
combination  of  the  MBS  and  CCIR  models.  The  AFCSP  100-61 
model  incorporates  aLl  of  the  terms  of  the  NBS  work  except 
F  ,  which  is  omitted.  To  this  is  added  an  aperture-medium 
coupling  loss  term 


.07  exp  [.055  ( G  +  G  ) ] 
t  r 


which  is 

taken  from  t  h  e 

CCIR 

model.  The 

constant  term,  90 

db,  results 

from  expressin 

g  t  he 

frequency 

in  GHz  rather  than 

MU z ,  i . e  . 

30  l0°  1  MHz 

II 

O 

1  ° *  rGHz  + 

90 

AFCSP  100-61  (Vol  II)  is  intended  for  use  by  Air  Force 
engineers  in  designing  all  types  of  troposcat  ter  syst  ein  s  . 
The  method  it  presents  is  considerably  more  complex  than 
that  6iven  in  T.O.  31R5-2TRC97-12  specifically  for  the 
TRC-97A. 
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Co  I  1 i u  s  Model 


The  Collins  model  is  that  which  is  incorporated  into 
tlie  Afl/TRC-97  technical  orders  (Ref  12).  It  is  the  most 
specialized  of  these  models,  having  been  tailored  to  a 
particular  radio  set.  As  it  appears  in  the  technical  order 
tt  is  entirely  a  graphical  method.  The  underlying 
analytical  basis,  however  ,  is  the  MBS  model. 
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COMPAK  1  3  ON  0  F  THE  CLASSICAL  MOJKL3  \-i  I  1  H 


riiE  ue*\kral  path  model 


T  U  e  p  r  t -  v  i  u  u  s  boc  t  i  o  n  j  e  s  c  r  i  b  «•  s  a  t  an  l  i  y  o  t  »:  i  j  s  b  u  a  1 
p  a  t  models  repressed  a  ^  t  a  e  y  v  e  r  e  originally  pub  i  i  siit-a  . 
Looking  it  t  i  i  *j  sumarv  l.  t  ii  e  s  »*  cioueis  in  F  a  d  1  r  I  sonic 


i  ui  l  1  a  r  l  L  v  i  n  t 


if  tv,  ut  Lai*  ;:iudris  lb  .ippartMU  ,  y  e  L  t  tu¬ 


rn  o  d  e  1  s  art*  s  u  l  :  l  c  unit  i  v  a  i  r  i  e  r  e  n  t  to  :n  a  A  *  ■  J  i  r  c  a  von  art  s  o  n 


aiit  u  u  L  c  .  A  1  s  vb  i  i  i  c  not  clear 


in  l  :. «•  ci'idfi  b 


c  o  r  r  e  s  p  o  n  a  to  L  :i  various  loss  p  u  e  u  o  ui  e  n  a  a  i  s  c  u  s  s  e  a  i.  n 
Section  III.  Anticipating;  tnat  such  oonpar  isons  nay  sited 
L  n  r  t  n  t1  r  1  i  ^  n  t  on  the  p  a  t  it  modeling  problem,  the  c  1  a  s  s  i  c  a  1 
models  will  be  t  ran  st  ormeu ,  as  c  1  o  s  e  1  v  as  possible,  into  the 
!  o  r  m  o  I  the  al^ebrai  :  path  model  ivo  n  b  v  E  q  (  o  )  . 

Consider  :  i  r  s  t  t  h  e  M  IS  S  ,:t  o  d  e  i  (  E  q  (23)).  e  l  t  n  e  r  Mi  e 

a  p  o  rturo-n  e  d  l  n  in  c  o  up  u  n  1  o  s  s  nor  t  it  e  e  <}  u  i  p  ::i  e  n  L  loss  a  r  e 
included  in  t  n  i  s  n  o  d  e  1  .  T  h  e  ground  ret  lection  L  o  s  s  a  n  u 
a  t  n  o  s  p  u  e  r  t  c  ju*or  pt  un  loss  are  r  *•  p  r  e  s  e  n  t  e  u  b  v  H  and 
A  respect  i  v  e  1  y  .  T  h  e  r  en  aim  n  l  e  rn  s  o  ;  t  n  e  no  d  e  i 


)0  lo,  [)(„  -  20  d.  +  F(rtii)  -  F  -  V  (  a  '  (30 

Mi  Z  Kill  o  e 


v  .  *  p  r  ■  •  s  e  n  t  t  .1 t_  s  urn  o  i  tne  i  re-  space  and  scatterin'.,  1  i  >  s  s  e  s  . 

I.'  s  l  n  E  q  (11.)  tliu  i  r  e  e  space  )  o  s  s  can  b  e  expressed  -is 


=  20  lo; 


r  alternative! 


20  log  f 


+  20  log  d 


+  92.4 


(32) 


L 

t 


o  r 


GHz 


km 


L .  =  20  log  fwu  +  20  log  d  .  +  36.6  (33) 

t  s  MHz  m 

Subtracting  the  free  space  loss  from  Eq  (30)  then  gives 

L  =  10  log  f  -  40  log  d  +  F(8d) 
s  MHz  km 

-  F  -  V(d  )  -  32. 4  (34) 

o  e 

Stating  the  attenuation  function*  F ( 0  d ) ,  in  analytic  terms 
provides  further  insight  into  the  basis  of  L.  Defining  the 
path  assyraetry  factor  as 


s  =  *  /  * 

c  o 

where  the  angles  t  and  are  as  given  in  Figure  1,  F(9d) 

o  o 

can  be  expressed  as  follows:  (Ret  9:  Section  9.1  and  Ret  10: 
Section  III. 3) 

For  0.01  1  ed  <  10,  N  =301: 

s 

F(rid)  =  30  log  (rid)  +  .33  rid  +  135.8  (35) 

For  10  <  rid  <  70,  N  =  301,  0.7  <  s  <  1.0: 

s 

F(rid)  =  37.5  1  os-  (rid)  +  .212  rid  +  129.5  (36  ) 

For  rid  _>  70,  N  =  301,  0.7  <  s  <  1.0: 

F(rid)  =  45  log  (rid)  +  .157  rid  +  119.2  (37) 

for  vaUfs  of  '<  other  t  li  a  n  301,  the  function  F  (  ri  d  ) 

3  4 


F  u  r  t  n  e  r  , 


is  given  by 


F  ( 0d  ,  N  )  =  F  (  0d  ,  >1  =301) 

s  s 

-  [  .  1  ( N  -  3  0  1)  exp  ( - 6 d / 40 )  J  (38) 

s 

It  can  be  shown  that  the  value  of  the  product  0d  for  a 

practical  TRC-97A  path  will  not  exceed  10.  Experience  has 

shown  taut  antenna  elevation  angles  (0  ,  0  )  in  excess  oi 

et  e  r 

1.0  deg  will  not  generally  support  usable  communications 
with  this  system.  Using  the  procedure  in  Appendix  A  with 
0  =  0  =  1.0  deg  (.0175  rad)  and  N  =  290  [2]  gives  the 

maximum  value  of  the  scatter  angle,  0,  as  .0542  rad.  With 
the  maximum  range  of  the  TRC-97A  taken  as  160  km,  the 
maximum  value  of  the  product  0d  is  then 

MAX  (0d)  =  (.0542  rad)(160  km)  =  8.67  rad -km 

For  the  TRC-97A,  therefore,  Eqs  (35)  and  (36)  are 

combined  to  give  an  expression  for  F(0d)  which  is  valid  lor 

all  values  of  s  and  N  : 

s 

F ( 0  d )  =  30  log  ( 0d )  +  .3  3  0d  +  135.8 

-  [.1  (ll  -  30  1)  exp  (-ed/40)]  (39) 

Combining  this  last  result  with  Eq  (34)  then  gives 


[  2  ]  Scattering  angle,  0 ,  varies  inversely  with  tin* 
refractivity. 
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Table  II  sumari 
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above 

results 
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D  e  t  W  e  e  n 
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i  =  Vd: 


I  t  j  a  n  n  e  s  n  o  w  n  t  :\  a  L  :  or  a  r  r  a  s  o  nab  i  y  symnift  r  l  j  p  a  t  n  I  (  li  )  1  a 

r  i'  1  a  L  ;  v  t'i  v  uimmis  u  :ve  t  o  t  n  e  a  s  v  m  e  t  r  v  r  u  net  l  u  n  S  . 


:  o  r  0  . 


1  .  vj  (  w  ii  lc  ;i  l  n  c  i  u  U  t 


:n  a  ;  o  r  i  L  y  o  i  practical  p  a  t  ;i  s  '  :  ;  !i  >  c  a  n  a  e  v  e  r  y  c  i  o  e  1  y 


w  n  i  e  n  ^  i  v  e 


(.  II  )  =  -0  la.;  [3  ♦  .  0  “  '•  ]  +  .In  Hd 


L (  30  )  -  (  L  L 

4 1  ’  r 
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30  i  o  £  0  +  .  i  o  0  a  -  .OS  (  N  -  323) 


9  2.2  +  20  1  o . 


+  .073  6  d 


At  this  point,  the  limited  ml  orniat  ion  on  the  derivation  o ; 
t  h  e  P  !<  C  m  o  del  makes  L  u  r  t  n  e  r  conclusions  s  o  r.i  e  w  n  a  i 
s  p  e  c  u  1  a  t  l  v  e  .  Zq  <  4  3)  eont.ii  n  s  n  o  a  p  p  a  r  e  n  t  e  q  u  l  p  in  e  n  t  1  o  .■>  s 

t  e  rm  .  ay  conoanson  with  t  ii  e  o  l  hi*  r  r.u>  u  e  1  s  ,  it  s  e  e  in  s  s  ale  t  o 

c  o  n  c  1  u  a  e  that  ill  ant  the  last  term  o  i  Li  q  (4  3  .)  a  r  e 

components  •  >  t  t  ii  e  scatterin’.;  1  uss  ,  L  .  The  o  r  l  l  n  o  :  t  n  » • 

r  en  a  l  n  i  iu  t  e  r  ra 


10  1  o  j*  l  3  +  .  0  7  3  Hd 


is  not  at  all  obvious,  Lacking  t  n  r  t  In*  r  i  n  o  r  m  a  t 


ion  [  iii-n 


ii  cl  (A3)  will  be  t  a  k  e  n  as  the  s  u  in 


.now  n  in  Table*  II. 
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ret  lection  loss 


id  e  I 


,  1  v  e  n 


b  v 


^q 
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(  Eq 
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o  o  t  t  e 

be  clearly  identified. 
(32))  and  the  ground  ref 
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Eq 


space  loss 
26)  gives 
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10  log 
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+  30  log  0 


.15  6  (  N 


10  log  d 

m  l 

3  0  8  ) 


s  q 


r  (  s  )  +  r  (  1  0 

v 


1  ) 
v 


(  46  ) 


When  Norton  pub  1 l sued  this  model,  analytic  expressions  tor 

the  asymetrv  function  F  (s)  and  the  blob  size  correction 

v 

factor  F ( f  0 ,  1  )  were  not  explicitly  given;  instead  they  were 

shown  graphically  (Ref  4:  Figures  2  and  4).  Applying  the 

parameters  ot  a  practical  T  R  C -  9  7  A  path  to  these  graphs, 

however,  both  F  ( s )  and  F ( i 0 , 1  )  can  be  shown  to  be 

v  v 

negligible.  Therefore,  no  further  attempt  is  made  here  to 
derive  the  analytic  expressions  for  these  two  terms.  Norton 
does  indicate  that  these  terms  result  from  the  scattering 
process  ,  so  Z  q  14  6  1  is  taken  t  o  represent  the  scatti-rin., 

1  o  s  s  ,  L  ,  a  s  l  v  e  n  b  y  t  h  e  N  ortun  model. 
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T h e  Y e h  model  makes  no  attempt  to  account  :or  losses 
due  to  ground  reflection,  atmospheric  absorption,  or  losses 
within  tile  equipment.  Also,  while  aperture-meuium  coupling 
Loss  was  addressed  by  Yen,  it  was  not  explicitly  included  in 
his  model.  The  model  g  i  v  e  n  by  E  q  (28)  therefore  represents 
only  the  sum  of  the  free  space  and  scattering  losses. 
Subtracting  L  .  (Eq  (32))  from  E q  i2S)  thus  gives 

L  -  10  log  f +  10  0  -  .2  (  N  -  310)  +  20.4  (47; 

s  .TIL  z  s 

wiiere  0  is  in  degrees.  This  is  equivalently  expressed  as 

L  =10  log  r'  ,  +  57  3  0  -  .2  (N  -  3  10  )  +  20.4  (  48  ) 

S  /l  ri  Z  s 

wiiere  0  is  in  radians. 

As  described  in  the  last  section,  the  model  in  A PCS? 

100-61  is  a  composite  of  the  NBS  and  CCIR  models.  The 

aperture- medium  coupling  loss  is  from  the  CCIR  model  and  is 
given  by 

L  +  L  =.07  exp  (.055  (G  +  G  )  ] 
g  t  g  r  r  t  r 

The  remaining  terms  are  from  the  N  B  S  model.  The  ground 

reflection  loss  and  atmospheric  absorption  loss  art* 

represented  bv  H  and  A  respectively.  Subtracting  L 

o  a  '  g  t 

L  ,  L  .  (  E q  (32)),  L .  ,  and  L  from  E q  (29)  gives 

g  r  t  s  n  a 

L  =  10  log  f  -  40  log  d.  +  F(0d)  -  V(d  )  -  2.4 

S  b  H  Z  r\  m  e 

and  substituting  E  q  (3d)  for  K ( H d  )  produces  the  result 


o 

n 

75 

los  l:giu 

-  10  Log  a 

k  in 

+  30  Log  *9 

+  .33 

0d  -  .  1 

( N  -  3  0  1) 
s 

exp 

i 

<x 

c- 

-1' 

o 

+ 

133 

.4  -  V  ( a  ) 
e 

(  49  ) 

The 

Collins 

model 

is  present 

ed 

graphical  1  y . 

The 

aperture- medium  coupling  loss  and  equipment  loss  are 
tabulated  for  various  equipment  configurations.  The 
combination  of  free  space  and  scattering  losses  is  taken 
from  two  graphs.  The  first  [graph  gives  a  basic  loss  for 
transmission  over  a  smooth  earth,  while  the  second  graph 
gives  an  additional  loss  to  compensate  for  the  effects  of 
irregular  terrain.  No  attempt  is  made  here  to  derive  the 
analytic  expressions  from  which  these  graphs  are 
constructed. 
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VI.  THE  GENERAL  PATH  MODEL  TAILORED 


TO  THE  A N / T R C -  9 7 A 


Eq  (22)  gives  a  model  of  the  troposcatter  path  which 


at  tempts 

to  account 

for 

al  1 

the 

si g nil icant 

ran  d  om 

inf luencos 

on  the 

p  a  t  h  . 

I  L 

1  s 

also 

general  enou 

gh  to 

encompass 

all  of 

t  lie 

more 

s  p  e  c  i  i 

1  c  c 

lassical  models 

w  h  i  c  h 

have  been  examined.  As  stated  previously,  the  primary  goal 
of  this  research  is  to  ex  am  ine  empirical  adjustments  which 
are  necessary  to  bridge  the  gap  between  the  theoretical 
model  and  experimental  evidence.  To  do  so  will  require  some 
numerical  analysis  of  the  model  in  Eq  (22),  a  task  which 
appears  to  be  quite  formidable,  given  the  complex 
statistical  dependence  among  the  terms  in  this  model.  If  it 
turned  out  that  some  of  the  terras  in  Eq  (22)  were  far  less 
sensitive  than  others  to  the  random  variations  in  the 
scattering  process,  some  simplification  of  the  model  may  be 
justified  prior  to  numerical  analysis.  Thus  one  could,  as  a 
first  approximation,  sacrifice  some  generality  and  accuracy 


in  t  h e 

m  o  d  o  1 

for 

the  sake 

o  f 

narrowing  the 

complexity  of 

turt  ii e 
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sis 
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Limits. 

T  y  p  i  c  a 

1  Path 

M  ode 

1  Values 

for 

the  AN/TRC-97A 

F 

i r  s  t  it 

i  s 

instruct 

i  v  e 

to  examine  t  y  p i c 

a  1  values  w  ii  i  c  h 

o  ii  e  w  o  u 

Id 

x  p  e  c  t 

o  f 

t  he  terms  in 

Eq  (22). 

F  i  g  u  r  <?  2 

s  h  o  w 

t  h  e  s  e  v  a 

1  u  e  s 

for 

t  ii  e 

TRC-97A,  .is 

c  a  leu] 

i  a  t  e  d  u  s  i  n ; 

;  t  ii 

c Lassica 

1  m  o  d 

e  i  s  . 

One  kilowatt  is  the  nominal  maximum  output  power  of  the 
T  R  C  -  9  7  A  ,  and  that  which  is  normally  used  in  the  troposcatter 
propagation  mode.  The  free  space  gain  of  the  antenna  with 
which  this  equipment  is  primarily  configured,  an  8-foot 
parabolic  antenna,  is  specified  by  the  manufacturer  as  38  db 
(each  antenna). 

The  value  of  the  aperture-medium  coupling  loss,  Lf  and 
L  ,  given  by  the  technical  order  and  AFCSP  100-61  are  not 

b  ^ 

in  agreement,  so  both  values  are  given.  Table  9-5  of  the 
technical  order  (Ref  12:  9.10)  gives  the  aperture-medium 
coupling  loss  as  1.0  db  for  each  antenna.  AFCSP  100-61 
calculates  the  a p e r t u r e -m e d l um  coupling  loss  for  the  pair  of 
antennas  as 


L  +  L  =.07 

gt  gr 

exp  i 

[.055 

(C 

tf  +  Grf 

O 

tl 

exp  | 

t.055 

(3 

3  +  3  8)] 

=  4.58  db 

or  equivalently,  2.29  db  for  each  antenna. 

The  free  space  loss  shown  represents  the  range  of 
values  possible  depending  upon  the  choice  of  operating 
frequency  and  path  length,  and  is  calculated  from  E  q  (31). 
For  the  TRC-97A's  minimum  operating  frequency  (  4 .  a  GHz')  and 
a  path  length  approximating  t  h e  minimum  range  in  the 
tropo scatter  mode  (60  km ) , [ 3 1  the  free  space  loss  is 


L.  =  20  log  +  20  log  d,  +  32.4 

ts  °  MHz  ®  km 

=  20  Log  (  4400  )  +  20  log  (  60  )  +  3  2.4 
=  1  40  .  8  dl 

For  the  TRC-97A's  maximum  operating  Frequency  (5.0  GHz)  and 
nominal  maximum  range  (160  km),  the  tree  space  loss  is 

Lf  =  20  log  (5000)  +  20  Log  (160)  +  32.4 
=  150.5  db 

Computing  the  range  of  values  for  the  scattering  loss 

is  less  straight  forward  because  of  the  interdependence  of 

several  factors  and  the  need  for  specific  terrain 

information.  The  basis  for  calculating  typical  values  of 

L  for  the  TRC-97A  is  Eq  (40): 
s 

Ls  =  10  108  fMHZ  '  10  108  dkm  *  30  108  e 

+  .33  0d  -  .1  (N  -  301)  exp  (-ed/40) 
s 

+  103.4  -  F  -  V ( d  )  (40) 

o  e 

Calculation  of  the  scattering  an  git5  requires  detailed 
information  about  the  terrain  which  the  path  traverses. 
Accounting  for  every  possible  variation  in  the  terrain  would 
be  a  formidable  task,  and  the  goal  at  this  point  is  simply 
to  estimate  the  range  of  values  for  the  scattering  loss. 


I  3  ]  This  is  actually  well  below  the  minimum  distance  at 
which  the  trope  scatter  m  o  d  e  i s 

4  f) 


n o  r:aa  1  1  y  d o m  i  n  a  n  t  . 


There! ore,  Lor  the  purpose  of  bounding  L  ,  a  path  over  u 
smooth  earth  will  be  assumed.  A  n  l  e  u  u  a  information  is  a  1 s  » » 
required:  use  of  an  8-t  out  parabolic  antenna  will  oj  ntm  in¬ 
to  be  ass  um e  d . 


It  will  be  seen  that  in  Eq  (40),  ^  depends  upon  the 

choice  of  both  d  and  N  .  Furthermore,  V(d  )  is  a  t unction 

S  e 


o  i 

frequency,  path 

geometry  (to 

include  d 

)  ,  and  L  ii 

e  c  1  l  m  a  L  i  c 

r  eg 

ion. 

Therefore 

,  care  must 

be  e  x  e  r  c  l 

sed  w  h  e  n 

e  v  a  1 u  a  t  in g 

Eq 

(  40  ) 

lest  the  et 

feet  of  l  h  e  s  e 

relation 

ships  be 

distorted. 

Consider  first  the  scattering  e  f  f  e  c  1  e  n c  y  correction, 


F  Rice, 

o 

e  t 

a  1 .  (Ret 

9  : 

9.5)  state 

that  F  a  1 

0 

1  o  w  s 

for 

t  ii  e 

reduct  ion 

o  f 

scattering 

ef  f 

Lciency  at 

great  h e 1 g 

h  t  s 

i  n 

t  ii  e 

atmosphere.  0 v  er  a  typical  short  range  path,  t  hi  cat  t  er  ing 

takes  place  at  relatively  low  altitudes,  and  one  would 

expect  that  F  would  nave  little  influence.  The  small 

o 

magnitude  of  F  will  be  confirmed  s  h  o  r  t  1 v  ;  for  the  purpose 
o 

of  the  present  discussion,  it  is  assumed  to  be  negligible. 

For  t  ii  e  remaining  terms,  consider  e  i  g  n  t  c  a  s  e  s  which 

represent  the  various  combinations  o  t  minima  a  n  u  ia  a  m  m  a  o  i 

the  independent  variables  f ,  d ,  and  N  .  As  be! ore  ,  tin* 

s 

t  r  e  q  u  e  n  c  y  r  a  n  g  o  of  this  equipment  is  4.4  -  5.0  G  H  and  t  i  u 
path  length  is  assumed  to  lie  between  60  and  160  k m .  I  n 

addition,  t  n  e  range  of  possible  values  of  G  is  a  s  s  u m  e  u  t o 

s 

b  e  between  290  and  3  90  (Rel  9  :  4.3).  F  t)  r  each  c  a  s  «..*  ,  h  i  h 

evaluated  using  Data  Sheet  B  -  5  ,  l  L  fins  1  -  2  A  ,  o  l  Kri  i  .  T !  u  ■ 

e i  f  e  c  t  l v  e  distance,  d  ,  is  t  h  e  n  calculated  using  i  i  -  *m  s  1  '  , 

e 

19,  28,  and  47  -49  oi  this  same  aata  siicrt  .  W  i  I  ,i  tin 


resulting  values  or  d 

e 


the 


range  of 


possible 


values  of 


V ( d  )  is  read  from  Figure  A 15  for  each  of  the  eight  cases. 

Figure  A 1  shows  the  evaluation  of  0  and  d  for  tne  case 

e 

where  f  =  4.4  GHz,  d  =  60  Km,  and  Ng  =  290.  The  remaining 

seven  cases  are  shown  in  Figures  A2  through  A3. 

All  the  information  necessary  to  evaluate  the  minimum 

and  maximum  values  of  L  is  now  at  hand.  For  ease  of 

s 

presentation,  define 

L  "  =  10  log  fMU  -  10  log  d.  +  30  log  B  +  .33  Od 
s  MHz  km 

-  .1  (N  -  301)  exp  (-Od/  40  )  +  103.4  (  50  ) 

s 

so  that 

L  =  L.  '  -  V  (  u  )  (51) 

s  s  e 

The  results  of  evaluating  Eq  (40)  for  each  of  the  eight 

cases  are  summarized  in  Table  III.  The  value  of  L  for 

s 

these  eight  paths  is  seen  to  range  between  38  and  74  db. 

Furthermore,  the  minimum  value  of  L  corresponds  to  minimum 

frequency,  minimum  path  length,  maximum  refractivity,  and  a 

desert  climatic  region.  L  is  maximum  for  maximum 

s 

frequency,  maximum  path  length,  minimum  refractivity,  and  an 

overwater  path  in  a  temperate  climate. 

Tlie  ground  reflection  loss,  L  ,  is  similarly  calculated 

using  Data  Sheet  B-3  (items  29-44),  with  the  results  for  the 

same  eight  path  cases  considered  above  appearing  in  Figures 

A  1  tiiro  u  g  h  A  8  .  Graphs  of  t  h  e  required  i  n  t  e  r  m  e  d  l  a  t  e 

u  .  and  H  are  given  in  Figures  A10  throne,  ii 
o’  o 


i  u  ik  l  i  o  n  s  , 


MOO  -MOO  I  -MOO  I  MOO  I  5000  I  5000  I  5000  I  5000 


nc  Loss,  I.  ,  for  AN/TRC-97A 


A  I  3  .  Thus,  within  the  constraints  oi  t  ii  e  p  a  i  ii  s  c  n  u  s  r  n  , 

L ,  is  seen  to  ran^e  between  0  and  1.2  d  b . 
n 

The  loss  from  atinospneric  absorption,  L  ,  is  only 
considered  in  two  oi  the  classical  models:  those  oi  Lite  N  B  S 
and  AFCSP  100-61.  In  both  models,  the  value  oi  absorption 
loss  is  taken  from  the  graph  appearing  in  Figure  A 1  4 ,  and 
that  method  is  used  here.  Note,  however,  that  this  .,rapii 
displays  data  from  a  specific  location  and  month  of  the 
year.  It  is  not  readily  clear  how  representative  this  data 
is  of  other  locations  and  seasons.  In  any  event,  using 
Figure  A 14,  it  ls  seen  that  for  a  path  varying  between  6  0 
and  160  km,  with  an  operating  frequency  between  4.4  and  3.0 
GHz,  L  ^  is  expected  to  lie  within  the  range  from 
approximately  .4  to  1.2  db. 

The  equipment  loss  is  addressed  only  by  the  Collins 
method,  and  is  given  by  the  technical  order  (Ref  12:  Table 
9-7)  as  1  db  for  a  TRC-97A  system  using  parabolic  antennas. 

Simplifying  Ass  urn  pt  ions  in  the  Path  Model 

Several  conclusions  can  be  drawn  from  Figure  2 .  It  was 
previously  determined  (Section  III)  that  the  transmitted 
power,  free  space  antenna  gains,  ana  equipment  loss  would  be 
considered  to  be  constant  tor  a  given  path.  A  m o n  g  t  h e  loss 
terms,  there  appear  to  be  two  distinct  groups  based  on 
m  a  ,,  n  1 1  u  d  e  .  T  h  t*  aperture -  medium  c  o  u  p  1  l  n  g  1  o  s  s  ,  r  o  und 

r el  Lection  loss,  aosorpt  ion  loss,  a  n d  e  q  u  i  pm  e n  t  1  o s  s  r a c h 
n  a  v  e  m  a  x  l  m  um  v  a  I  u  e  s  1  e  s  s  l  h  a  n  2.3  u  b  .  :>  v  c  o  n  t  r  a  s  t  ,  t  it  e  I  r  r  e 


0 


s  i)  .i  >.■  •  i  ■  ■  ■  >  i ■  u 

c  a  t 

t  v*  r  l  u  g 

[  O  S  s 

art*  I'jtJi  at 

1  e  a  .■»  t  a  n  o  r  o 

**  r  ^ 

:::  a  g  n  i  t  u  d  e  Ur  ,.;i 

.*  r  t  h 

an  t  n o 

o  t  h  e 

r  loss  1 1  r m s 

A  1  s  o  ,  t  n  c 

m  ir  a 

v  a  i  u e  s  of  L  , 

ri.u) 

and 

L  (  t 
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variability  than  do  trie  means  o  i  L  .  L  1  t  )  ,  L  (  i  )  ,  L .  { i  t  >  ,  or 
L  t  t  )  .  To  draw  i lrm  conclusions  about  the  relative 

significance  of  all  of  t  h  e  loss  terns,  one  would  need  to 

ii  a v  t*  more  knowledge  of  l  u  e  statistics  of  the  random  terms 

(only  mean  values  art'  considered  in  Figure  2  )  .  it  has  been 

shown,  however,  that  the  randomness  in  the  loss  terms  stems 
from  the  same  source:  the  random  scattering  process.  In 
other  words,  all  of  the  loss  terms,  except  L  ,  are  functions 
of  the  scattering  process,  S  (  t  }  .  Further,  it  has  b  o  e  n 

stated  that  L  ^  is  bv  definition  that  term  which  attempts  to 
account  for  the  losses  uniquely  associated  with  t  a  e 
scattering  mechanism.  If  L  does  in  fact  represent  the 
primary  loss  due  to  S(t),  one  would  expect  that  in  the 
remaining  terms,  the  influence  of  S(t)  would  be  Less 

pronounced.  Thus,  it  wouLd  be  appealing  to  discount  the 
random  influence  on  the  terms  L  t  (  t  )  ,  L  ,  r  (  t  )  ,  L  •  (  t  )  ,  ana 
L  ( t } ,  thereby  considerably  simplifying  the  statistical 
interdependence  of  the  terms  in  E q  (22).  To  do  so  would 
also  be  consistent  with  i h  e  a  p  p  r  o  a  c  h  most  commonly  taken  by 

other  researchers. 

Thus,  as  a  first  approximation,  the  effect  of  S ( t  )  on 

L  ( t  )  ,  L  ( t ) ,  L ,  (  t  ) ,  and  L  ( t )  are  e  oust  a  e  r  o  d  to  be 

>.gt  ~  o  r  _  u  _  u 

negligible  and  E  q  (22)  is  n*wr  itUm  as 
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P  (  t  )  -  P  „  =  G  .  +  G  , 

_  r  t  1 1  r  t 


[L 


+  L 


+  L  .  (t)  +  L  (  t  )  +  L ,  +  L 

s  _  s  h  a 


L  ] 


(  52) 


Consider  next  the  sensitivity  of  L  .  g ( t  )  to  S  (  t  )  . 
Because  of  the  scattering  phenomenon,  different  components 
of  the  transmitted  signal  are  returned  to  the  receiving 
antenna  via  different  scattering  points  within  the  common 
volume,  and  thus  travel  different  distances  between 
transmitting  and  receiving  stations.  Consider  the  path 
geometry  shown  in  Figure  3.  Antenna  elevation  angles  for  a 
practical  TRC-97A  system  in  the  troposcatter  mode  seldom 
fall  beyond  the  range  of  -0.5  to  +1.0  deg.  The  center  ray 
for  elevation  angles  of  -0.5  and  +1.0  deg  is  shown  as  lines 
TAR  and  TBR  of  Figure  4 .  The  3-db  b  e  amw  i  d  t  h  of  the  o - f  o  o  t 
paraboLic  antenna  used  with  the  TRC-97A  is  2  deg.  Thus,  the 
majority  of  the  received  signal  components  arrive  via  a  path 
which  lies  in  the  region  between  TCR  and  TDK,  wnere  the 
angle  D  T  C  =  D  R  C  =  3.5  deg.  For  the  case  when*  elevation 
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2  °0  ,  i  "  1  hO  km  ,  and  suooL  a  ••  a  r  l  a  . 


cob  ia  e  o  l  l  n  e  a  a  L  e  c  i  u  ,  o  r 

TC 

- -  -  cus  j  .  5  d  e  g  -  .  ')  9  o  1 

r  d 

or  alternately 

DT  =  1.0019  CT 

which  is  to  say  that  t  no  maximum  distance  1 n  e  s  i  f;  n  a  i  must 
travel  (  D  T  )  is  greater  t  h  a  n  t  a  t  ?  ::ma;.;ui;:  distance  it  must 
travel  ( C T )  by  only  .19  percent.  Thus,  S  (  t  )  causes 
negligible  v  a  r i a  t i o  n  in  the  distance  t  a  e  signal  travels  ana 
the  path  1  e  n  g  t  h  can  be  treated  as  a  constant.  L  t.  (  I  )  is 
therefore  given  by  the  previously  derived  expression: 

L  -  -  20  log  f  +  20  log  d.  +  3  2.  d  (.11) 

ts  °  MU z  °  Km 

The  result  is  t  ii  a  c  L*  q  (52)  can  now  be  further  si  m  pi  i  ;  u*  d  c  > 
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where  L  (  t  )  is  t  n  e  o  n  1  v  random  a  u  a  nL  it  v  u  ;•  o  n  w  n  i  ,  a  2  t  i. 
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over  a  tropo  scat  ter  p  a  th  c  a  n  b  e  c  n  a  r  a  c  t  .»  r  izc  a  a  s  .i  Tan  s  :  a  a 

■j  recess,  while  t  a  e  e  n  v  e  1  o  p  col  t  a  e  r  c  e  i  v  •  >  a  >;  ;  n  a  i  v  >  i  t  a  .  ■  ■ 


with  a ,  x ,  v  0  ,  L  hen 


t\,  (  y  )  = 


x ( /y (  a  ) 


f  v  ( y  >  ■  F  x  ( 


Since  P r  C  L  )  ,  E  ( t  )  and  k  can  only  assume  non negative  values, 
Kqs  (54),  (56  ),  and  (57)  can  be  combined  to  give  tile  i  i  r  s  t 

order  density  o i  t  he  received  power  as 


t  (  P  r  ;  t ) 


where  P  and  k '  “  are  in  watts.  Similarly  tiie  combination  o  1 
Zqs  (55),  (56),  and  (58)  gives  the  first  order  distribution 
of  the  received  power  as 


F ( P r  ;  t  )  =  1  -  exp 


'here  p  and  k  :  “  are  in  watts, 
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For 

a  given 

path, 

,  each  of 

the 

o  n 

the  right 

side 

of  Eq  (61) 

i  s 

terms  are  ratios.  For  a  given  path,  each  or  tne 

deterministic  quantities  on  the  right  side  of  Eq  (61)  is 
assumed  to  be  a  constant,  making  it  possible  to  write 
Eq  ( b 1 )  as 


L  s  (  t  ) 


PrU) 


where 


Pt  Gcf  Grf 


Lit  1  it  Lfs  L h  L  a  L e 


It  can  be  shown  (Ref  6:  128)  that  if 

Y  =  g(X)  *  a/X 


f  v  (  y  )  =  (  I  a  I  /  y  z  )  f  x  (  a  /  v  ) 


Combining  this  last  result  with  Eqs  (59)  and  (62)  gives  the 
first-order  density  of  the  scattering  loss  as 


f(Ls;t)  =  - - 

Ls 


Since  all  the  terms  on  the  right  side  of  Eq  (63)  art 
non  negative,  b  is  also  n  o  n  n  e  g  a  t i v  e . 


Therefore 


VII. 


THE  MODIFIED  SCATTERING  LOSS  MODEL 


Recall  from  the  Introduction  the  proposed  approacn  of 
modifying  the  empirical  adjustments  in  the  existing  path 
models  to  obtain  better  correlation  with  observed 
performance  for  the  short  range  tactical  troposcatter  path. 
Given  that  the  assumptions  in  the  analysis  to  this  point  are 
valid,  Eq  (53)  shows  the  scattering  loss  to  be  tile  only 
random  independent  variable  in  the  path  model.  Further,  Eqs 
(64)  and  (65)  give  the  first-order  density  and  distribution 
of  the  scattering  loss.  The  proceeding  analysis  has  also 
shown  that  of  all  the  factors  in  the  general  path  model,  the 
scattering  loss  has  the  greatest  potential  for  causing  large 
variations  in  the  received  power  for  a  given  path.  As  a 
first  approximation  then,  assume  that  the  deterministic 


quantities  in 

Eq  (53) 

are 

correctly  accounted 

for  in  the 

present  path 

mod  els, 

an  d 

that  any  variation 

between 

predicted  and 

observed 

path 

loss  results  from  the 

scattering 

loss  alone. 

Recalling 

that  the 

pres 

ent  predictions  use 

the  AFCSP 

100-61  and  Collins  models,  which  are  both  based  on  the  NBS 
model,  consider  then  the  model 
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This 


is  the  general  model 


(33) 


with  t  n  e 


d  e  1 1>  riii  i  n  i  s  t  i  c 


quantities  assumed  to  be  as  given  by  the  AFCSP  100-61 


and 


Collins  models.  This  model  can  also  be  expressed  as 

P  (t)  =  b'  -  L  (t)  (67) 

~  r  _  s 

where 

b '  =  P  +  G  .  +  G  .  -  .07  exp  1.053  (G  .  +  G  .  )  1 

t  1 1  rt  r  tt  r 1 

-  20  log  fM11  -  20  log  dT  -32.4 
b  MHz  km 

-  L.  -  L  -  L  (68) 

h  a  e 

Given  the  operating  frequency,  antenna  gains,  and  suffifient 
information  about  the  path  geometry,  b '  can  be  readily 
computed  using  the  combined  procedures  in  AFCSP  100-61  and 
T. 0.  31R5-2TRC97-12. 

Consider  next  the  treatment  of  the  scattering  loss  in 
the  presently  used  models.  E  q  (49)  gives  the  scattering 
loss  used  in  the  AFCSP  100-61  model  as 

L  =10  log  -  10  log  d,  4-  30  log  0  +  .33  Od 

s  GHz  km 

-  .1  (  N  -  30  1)  exp  (-  rtd/40)  +  1  3  3.4  -  V(d  )  (49) 

s  <j 

This  is  identical  to  the  NBS  expression  lor  L  ^iven  that 

s 

tlie  term  F  is  negligible  for  this  tvpe  of  path  (as  s  ii  o  w  n  in 
o  r 

Section  VI).  The  problem  now  is  one  of  d e  r i v  i  n g  a  n 
alternate  expression  for  the  scattering  loss  which  is  more 
accurate  for  a  typical  T  R  C  -  9  7  A  path*.  The  most  obvious  wav 

to  do  this  is  to  assume  t  h  a  t  t  h  t?  form  of  E  q  (49)  is  correct 

and  that  a  different  choice  of  coefficients  would  better 
match  the  model  to  the  TRC-97A  path.  Note  tnat 

6  0 


L  represents  the  expected  value  01  L  .  (  L  )  w  11  1  i  a  will  a  e 
denoted  by  L  ( t ) .  Consider  then  the  expression 

lJuT  =  aj  log  fGhz  -  a  2  log  d,.m  ♦  aJ  log  4  -  a.  ho 

-  a5  ^  0  1  )  exP  (-^d/a^)  +  iij  -  V(dt-)  (  6  9  ) 

which  expresses  the  scattering  loss  in  the  same  term  as  that 
derived  by  the  N B  S  ,  but  with  most  o :  L  he  lih*:  :  n  l.'iu 
undetermined.  As  pointed  out  previously,  tin-  ,ina  1  y  L  u 
expression  tor  V  ( d  )  (  E  q  (42))  is  rattier  complex  and  b  a  s  o  a 

on  data  collected  in  a  large  number  o i  locations  t  h r  o  u  . ,  a  o  u  t 
the  world.  Attempting  to  raod  il  y  V  (  u  )  at  this  p  o  i  n  t  w  o  u  i  a 

complicate  Eq  (69)  to  the  extent  that  any  iuriher  a  n  a  1  y  s  i  s 

would  be  extr  erne  1  y  d  i  i:  t  i  c  u  1  t  .  Also,  mod  i  i  y  in.;  V  (  u  )  to  ::i  o  r  •* 

accurately  represent  the  TRC-97A  path  would  require  a  1  a  r  g  e 
data  base  of  TRC-97A  performance  in  all  climatic  regions  o 1 
interest;  such  a  data  base  is  not  presently  available. 
Assume  then  that  V ( d  ) ,  as  expressed  by  E  q  (42),  is  correct. 

Statement  of  t  h  e  R  e g ress  ion  Prob  L e m 
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Given  experimental  observations  of  received  power  over 
these  paths,  and  a  value  of  b  '  for  each  path,  a  value  o i 
L  ^  corresponding  to  each  observed  value  of  P  r  can  be 
obtained  using  Eq  (67).  Thus  a  data  base  of  scattering  loss 
values  over  a  number  of  TRC-97A  paths  is  constructed. 

Given  this  scattering  loss  data,  an  expression  of  V(d  J 
(Eq  (42)),  and  the  probability  distribution  of  L  (  t  )  given 
by  Eq  (65),  a  nonlinear  multivariate  regression  analysis  of 
Eq  (69)  can  be  performed  to  evaluate  the  coefficients 

{ a 1 5  a  2  ’  '  *  ’ a7  ^  * 

The  resulting  expression  for  L  ^  (  t  )  should  more 
accurately  reflect  the  scattering  loss  for  a  TRC-97A  path 
and  can  be  used  with  the  A  F  C  S  P  100-61  model  for  future 
transmission  loss  predictions. 

Evaluation  of  Available  AN/TRC-97A  Path  Data. 

Data  on  the  actual  performance  over  T  R  C -  9  7  A  paths  has 
been  collected  t  rom  a  number  of  Air  Force  units  which  use 
this  equipment.  The  data  is  that  which  is  routinely 
recorded  by  these  units  and  does  not  reflect  any  data 
collected  specifically  lor  this  research.  Although  the 
content  of  the  data  varies,  typically  included  are  recorded 
values  of  received  power  and  information  on  the  g  e  o  m  e  t  r  v  of 
the  path.  The  paths  represented  are  from  training  exercises 
over  tiu?  past  s  e v  e  r  a  1  years  in  different  locations  w  i  L  h  i  n 
t  h  e  continental  U  n  l  t  e  d  States.  Dural  i  o  n  o  t  each  »•  x  e  r  r  i  s  **  i  s 
nut  very  long,  ranging  1  rum  two  days  tv;  approximately  two 


weeks  . 


Table  IV  identifies  those  paths  for  which  some  data 


is  available  and  which  fall  within  the  scope  of  this  study. 
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density  and  distribution  functions  of  Eqs  (59)  and  (60). 
These  in  turn  are  the  basis  for  the  density  and  distribution 
of  L  s  (  t  )  which  are  given  by  Eqs  (64)  and  (65)  and  are 
central  to  the  regression  analysis  just  described.  It  is 
reasonable  then  to  require  the  received  power  data  which  is 
used  in  the  regression  analysis  to  at  least  approximate  the 
density  and  distribution  in  Eqs  (59)  and  (60).  Next  one 
would  expect  to  see  some  dependence  of  the  mean  scattering 
loss  upon  the  parameters  of  the  regression  equation  (i.e., 


d ,  0  ,  and  N  ) .  Were  this  not  the  case,  no  prediction  of 


L  ( t )  based  on  these 

parameters  would 
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possible. 
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III.V 


Consider  i i r  s  t  the  received  power  distribution  for 


t  n  e 


observed  X  R  C  -  9  7  A  paths.  T  ii  e  distribution  function  is  chosen 
because  it  simplifies  the  subsequent  curve  fitting.  The 
power  density  and  distribution  functions  (iiqs  (59),  (60)} 
are  both  single  parameter  functions,  that  parameter  being 
k'“.  (Recall  that  k  is  a  constant  for  a  given  type  of  radio 
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When  Pr  and  k  ’  *"  are  equal  (  ?  =  0  db  relative  to  k  '  ~  , 

X  i  P  r ; t  )  has  a  value  of  approximately  0 .  A .  When  P  exceeds 
■> 

k  •  "  oy  more  than  about  12  ab,  F(P  ;t)  remains  at  a  constant 
value  of  1.0.  When  P  is  smaller  t  h  a  n  k  •  *"  by  more  t  b  a  n 
about  20  db,  F ( P  ; t )  is  at  a  constant  value  of  0. 

Intermediate  values  are  as  shown.  Mote  that  varying  h  e 

n 

value  of  k  ■ ~  has  the  effect  of  shifting  the  distribution 
curvtj  along  the  P  axis,  w  h  i  1  e  the  shape  of  t  h  e  curve  i  s 
unaffected. 


A  manual  method  of  curve  fitting  is  chosen 
b  e cans  e  of  the  relatively  small  amount  of  data 
<j  s  e  of  computerized  curve  fitting  t  e  c  h  niquos  is 
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Figure  5 . 


Next  the  power  distribution  curve  of  Figure  4  is 


transfered  to  a  piece  of  transparent  acetate.  The  curve  is 

then  superimposed  on  the  measured  distrubution  plot  in  such 

a  way  as  to  give  the  best  fit  with  the  data.  The  value  of 
9 

k  a  “  for  each  plot  is  also  recorded  tor  later  use.  Note  that 
k ^  is  the  value  of  Pr  which  corresponds  to  approxiately 
F(P  ;t)  =  0.4  .  Three  superimposed  power  distribution 
curves  and  the  resulting  values  of  k  ■  are  illustrated  in 

Figure  5.  The  results  of  applying  this  procedure  to  each 

0 

path  are  summarized  in  Table  IV  where  a  value  of  k*  “  is 
given  to  each  distinct  radio  path.  Note  that  in 

troposcatter  propagation  the  path  does  not  necessarily 
behave  the  same  way  in  both  directions,  and  the  received 
power  at  one  end  of  a  link  is  not  generally  the  same  as  the 
received  power  at  the  other  end.  Also,  each  TRC-97A  has  two 
receivers  for  diversity  reception.  Therefore,  it  is 
possible  to  associate  up  to  four  different  sets  of  data  with 
each  radio  link.  Fewer  sets  of  reported  data  indicate 
either  incomplete  observations  or  averaging  of  observations. 

Several  conclusions  can  be  drawn  from  this  manual  curve 
fitting.  First,  the  general  shape  of  the  distribution 
curves  is  enough  like  that  of  the  assumed  power  distribution 
to  support  the  existence  of  some  correlation  between  the 
two.  However,  the  correlation  is  obviously  less  than 
perfect,  and  more  sophisticated  statistical  techniques  wo uU 
be  r  (!  q  l  r  e  ci  to  quantify  the  degree  of  correlation.  In  man  y 
cases,  tli  e  observed  power  distribution  h  a  s  a  m  o  re  g  e  n  t  1  e 

n 


slope  than  does  the  curve  oi'  Figure  4 . 


T  h  e  curves  or  Figure 


5  are  typical  examples  chosen  from  the  paths  in  Tahiti  IV. 
Ttiey  illustrate  the  range  from  good  to  poor  correlation  with 
the  power  distribution  function  of  Eq  (60). 

Consider  next  the  relationship  between  the  received 
power  distribution  and  the  parameters  of  the  proposed 
regression  equation  (Eq  (69)).  One  would  expect  the 


received 

power  , 

and  therefore  k  .*  “ 

,  to  vary  with  some  or 

all 

of  the  v  a r 

i  a  b  1  e  s 

f ,  d ,  0 ,  and 

N  ,  . 

s 

For  t  h  e 

mo  st  part, 

t  i)  e 

available 

path 

data  does 

no  t 

ref  1 e  c  t 

specific  operating 

frequencie 

s  and 

refract  ivity 

data 

is  provided  for  only  a 

few 

paths. 

Also 

informat  ion 

about  the 

path  ge om et  rv 

1  s 

general ly 

not 

provided  in 

s  ui:  f 

i  c  i  e  n  t 

detail  to  allow 

calculation  of  the  scattering  angle.  The  path  length  is 

o 

available  for  each  path,  however,  and  k .  •  is  plotted  as  a 


function  of 

path  length  for 

each 

of  the  paths 

in  Table  IV. 

The  results 

are  shown 

in  Figure  6. 
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necessary  to 

determine 

whether 

Figure 

6 

represents 

a 

reasonable 

relationship 

between  k 

5 “  and  d 

For  this  purpo 

s  e 

,  consider 

the  relationship  between  L 
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d  given  by 

Eq 
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on  Parameter  k  o  as  a  Func 


3  db/octave.  This  slope  would  obviously 

different  choice  of  the  coefficient  of  the  (1 
of  Eq  (69)).  Such  a  regression  line  may  well 
within  the  data  of  Figure  6.  Again, 

sophisticated  statistical  methods  are  required 

o 

the  relationship  between  k  o  *•  and  d. 

In  summary,  the  path  data  presently  aval 
adequate  to  support  further  analysis.  Th 
between  observed  data  and  the  expected  power 
function  (Eq  (60))  cannot  be  conclusively  sta 
sufficient  ini ormat ion  about  f .  0,  and  N  is 

to  complete  t  n  e  regression  analysis  of  Eq 
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averaging  between  terminals  would  be  expected  to  affect  the 
results. 

Two  other  possible  causes  for  lack  of  correlation 
between  Eq  (60)  and  the  data  are  anomalous  propagation  and 
mixed  mode  propagation.  The  path  models  developed  here  do 
not  attempt  to  account  for  either  of  these  phenomena. 
Anomalous  propagation  modes,  such  as  ducting,  are  not 
uncommon  and  were  almost  certainly  a  factor  in  some  oi  tnese 
paths.  Also,  propagation  via  obstacle  gain  diffraction  may 
occur  siultaneouslv  with  the  troposcatter  propagation  mode. 
The  diffraction  mode  requires  a  favorable  path  geometry,  but 
is  not  unco m on  over  relatively  short  trans horizon  paths. 

One  further  shortcoming  of  the  available  data  has 
surfaced  during  this  analysis.  Earlier  in  this  section  it 
was  explained  that  L  s  (  t  )  is  not  directly  observable,  but 
could  be  derived  from  observations  of  P  r  (  t  )  by  evaluating 
the  remaining  terms  in  the  path  model  (see  Eq  (67),  (68)). 
However  the  path  data  made  available  for  this  research  does 
not  contain  enough  detail  about  the  path  geometry  and 
equipment  configuration  to  evaluate  b'  . 


VIII.  CONCLUSIONS 


This  research  began  with  an  extremely  general  probLem 
statement:  current  troposcatter  prediction  techniques  are 
not  always  sufficiently  accurate  when  applied  to  short  range 
tactical  troposcatter  systems.  Subsequent  analysis  iias 
refined  this  into  a  very  specific  area  of  study  which  shows 
promise  of  improving  path  loss  predictions.  First,  a 
general  path  model  was  developed  based  on  the  physical 
considerations  of  the  troposcatter  path.  The  general  path 
model  was  then  tailored  to  the  AK/TRC-97A  by  a  succession  of 
comparisons  with  existing  classical  models  and  observed 
TRC-97A  performance.  Significant  in  this  development  has 
been  the  analysis  of  the  importance  of  the  various 
components  in  the  path  model.  It  has  been  concluded  that 
inadequate  modeling  of  the  scattering  loss,  L  ^  (  t  )  ,  is  the 
most  probable  cause  of  inaccuracies  in  the  overall  path 
model.  As  a  result,  a  modified  scattering  loss  model  was 
developed  and  a  regression  experiment  was  proposed  to  derive 
the  coefficients  in  t  h  e  model.  After  some  evaluation  of  the 
available  path  data  however  ,  it  was  concluded  that  L  h e  data 
was  not  sufficient  to  support  the  regression  anal y sis. 
T  h  e  r  e  t  o r  e ,  completion  of  the  modified  s c  a  L  t  e r  i  n g  1  o s s  m  o d  e  i 
1 s  n oL  presently  p  o  s  s  1  b  1  e  d u  e  to  lack  o i  mi  a  jb 1  r 
experimental  data. 

As  a  final  note,  inability  o ;  tin*  data  to  :  u 1  I  y  support 


L  ,i  k  e  n  a  s 


a  r  i  L  l  c  i  ski 


or  its  source.  The  path  data  made  available  for  this  study 
was  collected  during  tactical  training  exercises  for  the 
purpose  of  field  evaluation  of  radio  system  performance. 
The  data  is  inherently  sparce  and  not  intended  to  suppport  3 
research  effort.  It  is  possible  that  data  suitable  for  tiie 
completion  of  this  study  can  be  made  available  only  through 
a  specific  data  collection  effort. 
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Incorporation  of  ref  ract  iv  icy  data  more  specific  to  a  given 
path  should  produce  more  accurate  path  predictions.  Second, 
current  methods  are  based  on  values  of  surface  refractivity, 
from  which  the  refractivity  within  the  scattering  volume  is 
extrapolated  by  a  simple  formula.  •  The  accuracy  of  this 
extrapolation  at  low  altitudes  (typical  of  the  scattering 
volume  for  a  short  troposcatter  path)  may  warrant  further 
study.  Also,  it  may  be  worthwhile  to  treat  the  refractivity 
as  a  quantity  which  varies  throughout  the  scattering  volume 
rather  than  considering  only  its  value  at  the  center  of  the 
scattering  volume. 
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Appendix  A 

AFCSP  100-61  Path  Loss  Predictions  for 
Eight  Hypothetical  Path  Cases 

This  appendix  contains  the  calculation  of  selected  path 
parameters  for  eight  hypothetical  troposcatter  paths.  The 
eight  paths  are  intended  to  represent  the  range  of  typical 
values  expected  from  an  AN/TRC-97A  radio  system  under 
certain  simplifying  constraints.  The  paths  consider  the 
eight  possible  combinations  of  maximum  and  minimum  operating 
frequency  (4.4  -  5.0  Ghz),  maximum  and  minimum  path  length 
(60  -  160  km),  and  maximum  and  minimum  surface  refractivity 

(  290  -  3  90  ).  In  all  cases,  the  0A- 7 1 6 0 A / TR C - 9 7 A  parabolic 
antenna  is  assumed  (8-foot  diameter,  15-foot  height  to 
center).  Rather  than  attempt  to  account  for  an  infinite 
number  of  terrain  configurations,  smooth  earth  is  assumed. 
The  procedures  used  are  from  AFCSP  100-61,  Vol  II. 
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EFFECTIVE  EARTH'S  RADIUS,  a.  IN  KILOMETERS 
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Figure  A10.  Normalized  Height  of  Horizon  Ray 
Crossover,  n  (Ref  1:  Figure  5-6) 
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Lgure  A12.  Frequency  Gain  Assymetry  Function,  Ah  (Ref  1:  Figure  5-8) 
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